with lipids, which is relatively resistant to enzymatic degradation (Pomeranz et al., 1972; Newman and Newman, 1992) . High-amylose barley rations fed to rats resulted in signifi cantly improved bowel health factors (Bird et al., 2004) . Foods made from high-amylose grains have also been shown to lower blood glucose, insulin levels, triglycerides, and cholesterol in animals and humans (Behall et al., 1989; Delaney et al., 2003) .
Mixed-linkage (1→3) (1→4)-β-glucans are major structural components of barley endosperm and aleurone cell walls, comprising 75% of endosperm (Fincher, 1975) and 26% of the aleurone cell walls (Bacic and Stone, 1981) . High β-glucan content is undesirable for malting as it is associated with lowered malt extract values, viscous extracts that lead to fi ltration diffi culties in the brewing process (Ullrich et al., 1986; Fincher, 1992) , and the potential production of precipitates in beer (Woodward and Fincher, 1983) . In certain animals, β-glucan is associated with reduced feed effi ciency (MacGregor and Fincher, 1993; White, 2000) . For food and some feed uses, however, β-glucan is desirable due to its cholesterol-lowering properties (Oakenfull, 1996) . β-glucan and other soluble fi bers are believed to bind serum cholesterol and decrease its absorption, resulting in lower total plasma cholesterol levels in humans and animals, thus reducing the risk of cardiovascular disease (Newman and Newman, 1992; White, 2000) .
Genetic studies of β-glucan in populations derived from doubled haploid (DH) and single seed descent lines from various crosses (Powell et al., 1985) found that β-glucan in barley is controlled by a simple additive genetic system. Using DH lines derived from the cross 'Steptoe'/ 'Morex', Han et al. (1995) studied quantitative trait loci (QTL) of β-glucan content in barley grain and malt. They found that the QTL with the largest eff ects on barley and malt β-glucan were located on chromosomes 2H (2), 7H (1), 4H (4), and 5H (7). High β-glucan is associated with the waxy trait in barley (Newman and Newman, 1992) . Genetic and environmental eff ects on β-glucan levels in barley grains have been reported (Aastrup, 1979; Powell et al., 1985; Hockett et al., 1987; Fastnaught et al., 1996; Zhang et al., 2001 ) but limited information is available on the relationship of quality and agronomic traits, environmental factors, and their interactions on amylose and β-glucan contents. Our objectives were to study the eff ects of location, year, and their interactions on amylose, β-glucan, and protein content in various barley genotypes and to determine how they are related to yield, test weight, and percentage of plump kernels.
MATERIALS AND METHODS

Plant Material
Twenty-seven hulless and hulled barley genotypes, including cultivars and advanced lines with β-glucan contents averaging from 4 to >9% and amylose concentrations ranging from 6 to 27%, were obtained from the USDA-ARS National Small Grains Germplasm Research Facility at Aberdeen, ID (Table 1) . 'Baronesse' is a two-rowed, hulled feed barley cultivar derived from a complex cross. It was developed by the company Nordsaat in Germany and marketed in the USA by WestBred, LLC, Bozeman, MT. It is currently widely grown in Idaho and Montana as feed barley. 'Azhul' is a six-rowed, hulless high β-glucan germplasm released by the USDA-ARS and is the source of high β-glucan in many current cultivars. 'CDC Alamo' is a high β-glucan, two-rowed, hulless cultivar released by the University of Saskatchewan, and 'Waxbar' is a waxy, tworowed, hulless barley marketed by WestBred, LLC, Bozeman, MT. These cultivars were used as checks. procedure for the mixed eff ects model. To correct for nonnormality of residual distributions, all statistical analyses were done on transformed values of amylose, β-glucan, and plumpness. For amylose, the square root transformation was used; for β-glucan, the natural logarithm; and for plumpness, the square transformation. The percentage (p) of total variation in an observed response that is due to environmental factors was estimated as follows. Let V Total = estimated total variation in an observed response =
and V Env = estimated variation in an observed response due to environ mental factors, that is, year, location, year × location, and their interactions with genotype =
. Genotype least squares means were estimated and compared using the Tukey-Kramer paired comparisons test. Simple correlation analysis was done to determine the relationships among amylose and β-glucan, protein, test weight, yield, and percentage of plump kernels. Partial correlation analysis was performed to examine the relationships among these six characteristics when the eff ects of genotype and all environmental factors were held constant or removed. There were a few missing observations and detectable outliers. Of 486 observations on each response variable, three were missing for amylose, nine for protein, fi ve for seed yield, three for test weight, and two for plumpness. Two observations on test weight were declared outliers based on the scatterplot of the data and on residual analysis. All statistical analyses were performed using the univariate and mixed procedures of SAS (Version 9.1, SAS Institute, Cary, NC).
RESULTS AND DISCUSSION
Amylose and β-glucan means for the 27 genotypes showed signifi cant diff erences (P < 0.0001), as expected, since they were preselected from cultivars expressing a range of these traits. Mean values for amylose varied from 5.61 to 26.33%, with Genotype 00AH4495 showing the highest mean (Table  2) . For β-glucan, means ranged from 4.20 to 8.94%, with the highest mean recorded for cv. Azhul. Protein ranged from 10.19 to 14.49%, with Genotype 00AH3778 showing the highest mean. Means for other quality traits and agronomic performance are presented in Table 2 .
Estimates of the diff erent variance components are shown in Table 3 . Of the environmental factors, the components for year and genotype × year × location for amylose were largest, indicating that amylose content of a cultivar or line may vary depending on year and location of planting. An estimated 47.9% of the total variation in amylose content was accounted for by environmental factors and their interactions with genotype. For β-glucan content, the environmental factor that had the largest component was year × location, indicating that the β-glucan content of a genotype may vary depending on year and location of planting. An estimated 48.7% of the total variability in β-glucan content was accounted for by the environmental factors and their interactions with genotype. Estimates of the diff erent variance components for the other quality and agronomic characteristics are presented in Table 3 . Simple correlations ( 
Test Weight and Plump Kernel Analysis
Samples were cleaned and test weight was determined. A 100-g sample was then screened and kernels retained on a sieve with 0.24-by 1.9-cm slotted openings (American Society of Brewing Chemists, 1992) were considered plump.
Chemical Analyses
For amylose and β-glucan determinations, 5 g of seed was ground in a UDY Cylone sample mill with a 0.5-mm mesh screen and concentrations were determined by using enzyme-specifi c amylose/amylopectin and mixed-linkage β-glucan detection assay kits from Megazyme (Megazyme International Ireland Ltd., Wicklow, Ireland). For protein measurement, 40 g of seed was ground with a 1-mm mesh screen and analyzed using a Perten 8611 near-infrared refl ectance spectroscopy analyzer (Perten Instruments, Huddinge, Sweden) as described in American Association of Cereal Chemists (1983, Method 39-10).
Statistical Analysis
A combined analysis of variance was done across locations and years using a mixed eff ects linear model where genotype was fi xed and all other eff ects were considered random. The model is described as:
where Y ijkl is the observed response of genotype i (i = 1, 2, …, 27) in replication j ( j = 1, 2, 3) nested in location l (l = 1, 2, 3) of year k (k = 1, 2), μ is the overall mean response, G i is the eff ect of the genotype i, R j(kl) is the eff ect of replicate j in year k and location l, Y k is the eff ect of year k, L l is the eff ect of location l, (YL) kl , (GY) ik , and (GL) il are the fi rst-order interaction eff ects, and (GYL) ikl is the second-order interaction eff ect. The following components of variance :   2  2  2  2  2  2  2 , , , σ for replication, year, location, year × location, genotype × year, genotype × location, genotype × year × location, and error, respectively, were estimated using the restricted maximum likelihood of genotype and environmental factors, showed that amylose was negatively correlated with β-glucan and protein, but β-glucan was positively correlated with protein. Amylose was also found to be signifi cantly and positively correlated with seed yield and test weight, and β-glucan was negatively correlated with seed yield, but the correlations were very low. β-glucan and percentage of plump kernels were found to be positively correlated. Partial correlation analysis showed that when genotype and environmental factors were held constant or their eff ects removed, no signifi cant correlation was detected among amylose, β-glucan, and protein content ( Table 5 ), indicating that the simple correlations found can be attributed to diff erences in how genotypes respond to varying environmental conditions. Signifi cant partial correlations were also found between protein and test weight, between test weight and yield, between yield and percentage of plump kernels, and between test weight and percentage of plump kernels, but they were too low to be of practical importance.
The growth of barley for the purpose of extracting β-glucan has recently become a reality, with premium prices being paid for the production of Azhul (D. Obert, personal communication, 2006) . The most desirable barley for human food use would have high protein, high β-glucan, high amylose, high test weight, high percentage of plump kernels, and high seed yield. Our results, along with those of previous studies, suggest that the eff ort to develop cultivars with these traits will be diffi cult due to the high negative correlation between β-glucan and amylose content. Correlations between β-glucan and seed yield, and β-glucan and test weight are both negative. Selection for high β-glucan will require simultaneous selection for segregants with suitable yield and test weight, but since these correlations are very low, this is not seen as a major problem in the development of high β-glucan barley cultivars. The positive correlations between β-glucan and protein and β-glucan and seed plumpness are both advantageous to breeders as each of these traits are desirable for all end uses involving grain consumption. The development of barley for human consumption may need to be focused on breeding cultivars for specifi c end uses. For example, due to the high negative correlation between β-glucan and amylose, barley cultivars developed specifi cally for β-glucan extraction will have lower levels of amylose. High-amylose cultivars developed for human consumption will have lower to moderate levels of β-glucan. Thus a cultivar that meets the needs of all market classes, specifi cally a high β-glucan, high amylose type, may not be feasible. Barley for animal consumption would not require the high levels of β-glucan desired for human consumption, but all other factors would be similar. The development of barley cultivars with low or moderate levels of β-glucan would be negatively impacted by the correlation between amylose content and protein, and to a lesser extent by seed plumpness. The positive correlations of amylose content with seed yield and test weight are desirable for achieving breeding progress. Breeding eff orts to develop hulless barleys with varying levels of both β-glucan and amylose are underway.
Seed yields of hulless barley tended to be lower than hulled, due in part to the lack of hull. In this study, Baronesse, the hulled check, had higher yield than all hulless lines. The highest yielding hulless line was 00AH4495, which yielded 85% of Baronesse, while Azhul had the lowest yield, with 58% of Baronesse. Eslick and Ullrich (1977) compared means of protein and other agronomic traits of the barley cultivar Glacier and an isogenic line with high amylose grown at 21 locations in Montana and Arizona. While protein in the high-amylose isoline was signifi cantly higher than in Glacier, yield, test weight, kernel weight, and percentage of plump kernels values were signifi cantly higher in Glacier than in the high-amylose isoline. Kernel weight was only slightly greater in Glacier than in the high-amylose isoline. In our study, protein was negatively correlated with amylose. The diff erence in results may be attributed to the lower amylose content of genotypes studied compared with that of the high-amylose (44%) isoline. Ullrich et al. (1986) compared β-glucan in lowamylose or waxy genotypes with their isogenic normal genotype. They found that total β-glucan content was consistently higher in low-amylose or waxy barley than in the normal isotypes. This study also found a negative correlation between amylose and β-glucan for genotypes across environments. The waxy gene was associated with an increase in barley β-glucan in another study by Newman and Newman (1992) . Hockett et al. (1987) grew barley cultivars in eight Montana environments and found that β-glucan content was positively correlated to protein content and yield in 1 yr but not signifi cantly correlated in another year. Our data showed that simple correlation between β-glucan and protein content was signifi cantly positive across environments. Similar results were also found in studies with oat (Peterson et al., 1995) . Hockett et al. (1987) indicated that test weight and percentage of plump kernels had positive correlations with β-glucan in 1983, but were not signifi cant in 1982. Our data showed signifi cant simple correlations between β-glucan and yield that were negative but positive between β-glucan and percentage of plump kernels, although these correlations were low.
For the determination of amylose and β-glucan contents, we used enzyme-specifi c assay kits from Megazyme, which may explain the diff erences in amylose from those previously reported. For example, we found that the average amylose content of CDC Alamo was about 6.4%. Washington et al. (2000) evaluated amylose in this cultivar by using both an iodine method and Megazyme assay. Amylose was detected at 4 to 5% for the Megazyme assay and at 6% for the iodine method; Bhatty and Rossnagel (1992) used a modifi ed method from Holm et al. (1986) and reported 0% amylose in CDC Alamo. Accurate determination of quality traits such as amylose/amylopectin, β-glucan, and protein is diffi cult and has varied between laboratories. Genotypes with high amylose, however, have been consistently associated with low β-glucan and vice versa. These results were also observed by Ullrich et al. (1986) . The quality traits of starch, protein, and β-glucan are useful for feed, food, and industry and vary depending on genotype and fi eld environments. Our study showed that genotype × environment interactions aff ect these characteristics. Additional research on the eff ects of quality and agronomic traits and their interactions with genotypes would be useful and will possibly improve nutritional values in barley grain. 
